The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Epitaxial La2/3Sr1/3MnO3 films grown on LaAlO3 substrates of various orientations exhibit a range of magnetoresistive properties, demonstrating the utility of strain as an electronic tuning parameter for manganites. Large magnetoresistance over a broad range of temperatures-highest (!64% at 50 kOe) at the lowest temperatures measured-is observed in a coherently strained La2/3Sr1/3MnO3 film on a (001) LaAlO3 substrate. In addition to higher magnetoresistance, its reduced magnetization and 
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I. INTRODUCTION
In the colossal magnetoresistive perovskite manganites, the charge, orbital, and spin degrees of freedom are strongly coupled to the lattice state, making them sensitive to epitaxial lattice perturbations. Although there have been numerous magnetotransport studies of manganite thin films, [1] [2] [3] [4] [5] [6] the potential of epitaxial strain as a tuning parameter to traverse electronic phase boundaries has not been fully explored. Both the magnitude and symmetry of strain can be tuned in epitaxial manganite films via substrate choice and orientation and lead to non-bulk-like lattice states.
Bulk manganites exhibit various ordered phasesincluding ferromagnetic, antiferromagnetic, and chargeordered-as well as metal/insulator coexistence, which can be promoted by quenched disorder, 7, 8 at both the nanoscopic 7, 9, 10 and mesoscopic 7,9,11-13 length scales. In relatively small electronic bandwidth manganites, charge-ordered insulator to ferromagnetic metal transitions can be induced by an applied magnetic field. 8, 14 In these cases, high magnetoresistance (MR) values are observed at temperatures well below the Curie temperature (T c ) or the charge ordering temperature. In other manganites that exhibit temperature-induced ferromagnetic metal to paramagnetic insulator transitions, the coexistence of a paramagnetic polaronic phase with a ferromagnetic metallic phase is expected to be important for explaining their colossal MR (CMR) in the vicinity of their magnetic transitions. [15] [16] [17] [18] Not all alloys of manganites have equally rich phase diagrams but, in general, lattice effects on electronic bandwidth are vital to the phenomenology of CMR. 8 Unlike in the narrower bandwidth manganites, there is no clear evidence for a commensurate charge-ordered state in any alloy of La 1-x Sr x MnO 3 . 19, 20 Bulk La 2/3 Sr 1/3 MnO 3 , in particular, undergoes only a ferromagnetic metal to paramagnetic metal transition. Its low-temperature double-exchange ferromagnetic phase appears to be very stable, and it has a relatively high T c . Therefore, it exhibits comparatively unspectacular magnetoresistive properties, making it an ideal system to study the potential of engineering MR through epitaxial strain. Although its bulk ground state is not near a metal/insulator phase boundary, there have been studies of epitaxial La 2/3 Sr 1/3 MnO 3 films that suggest strain-stabilized lowtemperature insulating phases 1, 4, 21, 22 and possible phase coexistence. 22 Similar observations have been reported in ultrathin La 2/3 Sr 1/3 MnO 3 films, 23 and at the film/substrate interface of Ca-based manganite thin films. 24 Nevertheless, the relationship between strain-induced phase competition and CMR in La 2/3 Sr 1/3 MnO 3 films have yet to be thoroughly investigated experimentally.
In this study, by growing La 2/3 Sr 1/3 MnO 3 films on different orientations of LaAlO 3 (LAO) substrates, we vary the magnitude and sign of the thin-film strain tensors, accessing lattice states not achievable in bulk. We observe marked phenomenological differences in magnetotransport of these films compared to that of bulk alloyed manganites. Other transport studies of strained thin-film La 2/3 Sr 1/3 MnO 3 have focused primarily on strain-induced modifications to T c in (001) films. 1, 25, 26 In the coherently strained La 2/3 Sr 1/3 MnO 3 film on a (001) LAO substrate, we report MR at 50 kOe in excess of À35% over the entire temperature regime below 250 K. The partially strained (110) film has smaller low-temperature MR of roughly -10%, but still much higher than expected in the bulk. The relaxed (111) film shows more bulk-like behavior with significant MR only near T c . Our results demonstrate that the MR in La 2/3 Sr 1/3 MnO 3 thin films can be enhanced and the operative temperature range broadened compared to the bulk, and they can exhibit temperature-and field-dependent behavior unique from bulk manganites of any stoichiometry. They further suggest the possibility of strain-stabilized lowtemperature phase coexistence. 
II. EXPERIMENTAL
We deposited 34 nm thick La 2/3 Sr 1/3 MnO 3 thin films on (001), (110), and (111) LAO substrates using pulsed-laser deposition with a KrF excimer laser operating at 10 Hz and $1 J/cm 2 on a stoichiometric, powder-pressed target. The films were deposited at 700 C, in 320 mTorr of O 2 , and subsequently cooled to room temperature in 300 Torr of O 2 . The stoichiometry and thickness of the films were measured with Rutherford backscattering spectrometry. X-ray diffraction was performed on a Panalytical X'Pert diffractometer. The x scans of the out-of-plane peaks for the (001), (110), and (111) substrates are aligned such that x is the angle between the x-ray beam and the in-plane [010], ½1 10, and ½ 1 12 directions of the substrate, respectively. Pseudocubic Miller indices are used to reference crystallographic planes and directions. Magnetic measurements were performed in a Quantum Design SQUID magnetometer. Electrical transport measurements were performed in the van der Pauw geometry with Au-Pd contacts deposited onto the corners of the samples in a Quantum Design Physical Property Measurement System. Magnetotransport measurements were performed with the field applied normal to the sample plane.
III. RESULTS AND DISCUSSION
Structural characterization indicates that we have synthesized highly crystalline epitaxial La 2/3 Sr 1/3 MnO 3 thin films. X-ray diffraction measurements, including 2h-h (data not shown) and x scans of the out-of-plane reflections [ Fig. 1(a) ], were performed on all films. The x scan full-width at halfmaximum values of the out-of-plane reflections [ Table I ] indicate that the (110) film has the best in-plane crystalline quality and the (111) film has the largest mosaic spread.
Reciprocal space maps (RSMs) of the 103 reflection of the (001) film, the 312 reflection of the (111) (111) interplanar spacing is found to be almost equal to that of the bulk [ Table I ]. The (110) film is coherently strained along the in-
, but is almost fully relaxed along the ½1 10 direction [ Fig. 1(e) ]. It appears that coherent strain can be more easily maintained if the stress is applied along a direction of only principal components.
In terms of the magnetic properties, the (001) film has a magnetically easy [001] direction, the (110) film has a magnetically easy ½1 10 direction, and the (111) film has an easy (111) plane. The observed magnetic anisotropy in the (001) and (110) films is consistent with that reported by Berndt (001), (110), and (111) films. d refers to the spacing between (hkl) planes of the corresponding (hkl) films, and the interplanar spacings are compared to those of the bulk. Bulk interplanar spacing values are calculated using the pseudocubic lattice parameter of 3.88 Å . The measured full-width at half-maximum (FWHM) values are from x scans in Fig. 1(a) . The saturated magnetic moment (M S ) is measured at 7 K, MR at 10 K and 50 kOe, and resistivity (q) at 10 K. The temperature-dependent remnant magnetization values normalized to those at 7 K along the easy directions (plane) are shown in Fig. 3(a) ; the scans were taken in zero field after field cooling the samples in 10 kOe. We measured the remnant magnetization to get a better estimate of the T c 's, at which the remanence disappears, so that the T c 's are not smeared by an applied field. Compared to the bulk T c of $355 K, the (001) film has a suppressed T c of 325 K, the (110) film has a slightly suppressed T c of 334 K, and the (111) film displays a T c of 347 K. Despite comparable saturation magnetization values of the (110) and (111) films, the lower T c of the (110) film is an indication of weaker ferromagnetic exchange interactions. The nearly unstrained (111) film is the most similar to the bulk.
The La 2/3 Sr 1/3 MnO 3 films grown on (110) and (111) substrates show metal-like temperature-dependent resistivity up to 385 K [ Fig. 3(b) ], akin to the bulk phase of this stoichiometry. However, the (001) film exhibits insulator-like behavior at high temperatures, and the sheet resistance maximum at $295 K resembles a metal-insulator transition. More importantly, the low-temperature resistivity of the (001) film is about an order of magnitude larger than those of the (110) and (111) films. Figures 3(b) and 3(c) show the resistivity curves of the films measured in zero field and 50 kOe as well as the corresponding MR at 50 kOe: (q 50 kOe -q 0 kOe )/q 0 kOe . In Figs. 3(b) and 3(c) , the temperature was swept from high to low, so the samples were field cooled. Magnetization and resistivity scans of all of our samples did not exhibit any temperature hysteresis.
The fully relaxed La 2/3 Sr 1/3 MnO 3 film on the (111) LAO substrate shows a peak in MR at 351 K, near its T c of 347 K, as observed in the bulk material of the same stoichiometry. Though the peak in MR of the (110) film likewise occurs near its magnetic transition, it is much broader in temperature range compared to that of the (111) film. In contrast, the (001) film displays high MR over a wide temperature range and reaches its maximum MR at the lowest temperatures measured, whereas the low-temperature MR is negligible in the bulk of the same stoichiometry. The local MR maximum for the (001) film at about 230 K does not correlate with the T c or the resistivity maximum; however, it does appear to roughly coincide with the increase in remnant magnetization observed below 210 K [ Fig. 3(a) ]. The MR at 10 K and 50 kOe for the three films are given in Table I .
The resistivity values at 10 K along with the resistivity ratio between the 273 and 10 K values (q 273 K /q 10 K ) of the films are tabulated in Table I . Upon comparison with x-ray diffraction data, it is not surprising that the (110) film with the sharpest peak in its x scan [ Fig. 1(a) and Table I ] also has the highest resistivity ratio. However, the resistivity ratio of the (111) film, which has the greatest crystalline mosaic spread and hence highest degree of structural defects, is comparable to that of the (110) film and much larger than that of the (001) film. We conclude that microstructural defects are not the primary cause of the suppressed T c , lower magnetization, higher low-temperature 
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Wong et al. J. Appl. Phys. 111, 063920 (2012) resistivity, and higher peak MR of the (001) film. Furthermore, our data indicate that despite microstructural defects, the higher conductivity of the (111) film may be attributed to greater overlap of the e g states, which in turn is also responsible for its higher T c . These observations suggest that atomic lattice distortions are responsible for the differences in magnetic and transport properties. To examine the low-temperature MR of the (001) film further, we measured the field-dependent resistivity at 7 K [ Fig. 4(a) ]. The film was heated to 380 K, above its T c , and subsequently cooled to 7 K in zero field; the magnetic field was increased from zero to positive fields, and the field values were swept in the manner shown by the arrows in Fig. 4(a) . In addition to the surprisingly large MR, we also observed other unexpected features: (1) the MR hysteresis does not close up to a field of 70 kOe, while the magnetization versus field measurements do not exhibit any hysteresis at such high fields; (2) not only is the MR hysteretic, the resistivity change from the initial zero-field value is irreversible with applied magnetic field. The second feature has also been reported by Mukhopadhyay et al. in coherently strained La 2/3 Sr 1/3 MnO 3 thin films on (001) SrTiO 3 , where the tetragonal distortion has the opposite sign, 22 but has not been observed in bulk manganites. Interestingly enough, such field-dependent resistivity features are observed in (LaMnO 3 ) m /(SrMnO 3 ) n (for m ¼ 2,3), 5 and in Nd 2/3 Sr 1/3 MnO 3 /Nd 1/2 Ca 1/3 MnO 3 heterostructures. 6 In both of these studies, the magnetotransport features are attributed to interfacial effects, but heteroepitaxyinduced phase competition is the underlying theme-as in our case. The irreversibility of the initial zero-field state upon applied fields can be further illustrated by comparing the temperature dependence of resistivity with and without field cooling [ Fig. 4(b) ]. The temperature was swept from low to high. Field cooling makes the sample more conductive at low temperatures, but the resistivity values are essentially the same above $170 K to within 1% difference. Coincidentally at about this temperature range-well below the T c of the (001) film-we also observe unexpectedly precipitous changes in its remnant magnetization [ Fig. 3(a) ]. The initial zero-field resistivity value can be recovered after heating the sample to above its T c followed by cooling in zero field.
The low-temperature MR of the (110) film exhibits magnetoresistive behavior similar to that of the (001) film, though at considerably lower values. More specifically, the lowtemperature MR of the (110) film exhibits hysteretic MR and irreversibility from its initial zero-field state [ Fig. 4(b) ]. Not only are these MR features distinct from canonical doubleexchange, large-bandwidth manganites, but also the fielddependent low-temperature MR characteristics of both the (001) and (110) films are not observed in the small-bandwidth bulk manganites that undergo sharp charge-ordered to ferromagnetic transitions with an applied magnetic field.
14 Also, despite similar temperature dependence of MR to that observed in polycrystalline samples, 28, 29 our strained films exhibit MR with very different field dependence. Our coherently strained (001) and partially strained (110) films exhibit MR features not only different from any La : Sr alloy manganite, but also distinct from all other bulk alloy manganites-single crystalline or polycrystalline. Therefore, the features in our magnetotransport data lead us to believe that indeed heteroepitaxial strain can induce a ground state not achievable in the bulk and perhaps the coexistence of electronic phases.
In order to understand the role of the symmetry of epitaxial lattice distortions on the MR, we evaluate the strain tensors of the (001) and (110) La 2/3 Sr 1/3 MnO 3 films. Lattice parameters of the films are obtained from the RSMs, and we use the pseudocubic bulk lattice parameter of 3.88 Å as the reference. Decomposed to represent volume dilation and tetragonal distortion, the strain tensor of the (001) where I is the 3 Â 3 identity matrix. Similarly, the strain tensor of the (110) where the last component represents shear strain. The breadth of the 312 reflection of the (111) film makes it difficult to perform a similar analysis of its strain tensor. Regardless, both the 2h-h and RSM scans suggest that the (111) film is almost fully relaxed.
Comparing the strain tensors of the (001) and (110) films, we see that their volume contractions are comparable. Hydrostatic pressure measurements on bulk samples have shown that the T c of La 2/3 Sr 1/3 MnO 3 increases with pressure. 30 We do not expect the small difference between the volume contractions of (001) and (110) films to account for the differences in their magnetic and electrical properties; moreover, we observe decreased rather than increased T c 's. Therefore, the deviatoric strain components are the more crucial parameters that govern the behavior of our films. The tetragonal distortion of the (110) film is not only smaller in magnitude but also opposite in sign to that of the (001) film.
The $30% lower saturated magnetization and roughly fourteen-fold higher resistivity of the (001) film as compared to the (111) film at low temperatures [ Table I ] can be attributed to one of two possibilities: (1) a single "ferromagnetic" phase with a canted moment structure, giving rise to reduced conductance, or (2) phase coexistence of a ferromagnetic metallic phase and an insulating, possibly antiferromagnetic, phase. The observation of large low-temperature MR values in the (001) film itself does not rule out either possibility, since the applied magnetic field can reduce canting in the first scenario and induce an insulator-metal metamagnetic transition in the second scenario to account for increased conductivity. However, in a single-phase material, we would expect a more pronounced MR signature near the magnetic transition of the (001) film at 325 K; such a feature is nonexistent in the MR curve of the (001) film [ Fig. 3(c) ]. In the (111) film, we see a peak in MR near its T c , characteristic of a single-phase double-exchange ferromagnet.
The (110) film exhibits intermediate behavior; it has a lower degree of tetragonal distortion compared to the (001) film along with some shear strain. Its MR peak is much broader than that of the (111) film. Furthermore, the sizable low-temperature MR of approximately -10% observed in the (110) film suggests that it may be closer to a phase coexistence boundary than the bulk material; this is consistent with its slightly suppressed T c . We speculate that it may contain some regions of an insulating low-temperature phase that can account for the MR observed at low temperatures. Though much lower in magnitude, the field-dependent low-temperature MR of the (110) film resembles that of the (001) film despite the opposite signs of their respective tetragonal strain tensors. In general, any lattice distortion that acts to reduce the overlap integral of the e g states in manganites can move the system closer to the metal/insulator phase boundary from the itinerant side and effectively makes the ferromagnetic state less stable with respect to a low-temperature insulating state; this insulating phase can undergo phase instability upon application of a magnetic field, accounting for lowtemperature MR. The observations presented here are also consistent with previous studies that have shown that insulating (001) La 2/3 Sr 1/3 MnO 3 thin films can be achieved through both in-plane biaxial compression 1, 22 and tension. 22 Moreover, A. Tebano et al. reported strain-induced orbital polarization of the e g states from x-ray linear dichroism and evidence of phase separation from nuclear magnetic resonance in strained La 2/3 Sr 1/3 MnO 3 films on LaAlO 3 . 31 However, unlike the small-bandwidth manganites that can undergo sharp charge-ordered to ferromagnetic transitions, the field-dependent MR curves at low temperatures of both the (001) and (110) films [Figs. 4(a) and 4(c)] do not show any abrupt changes; we conclude that any possible metamagnetic transition must be gradual. Moreover, the irreversibility of the zero-field resistivity with magnetic field shown in Figs. 4(a) and 4(c) may suggest that the initial electronic state is metastable, and Fig. 4(b) further implies that in the (001) film, the metastability regime occurs below roughly 170 K. Further investigation is necessary to verify the possible (meta)stability of electronic phases in strained manganite films. All in all, deviatoric strain through heteroepitaxy can effectively modify phase competition and magnetic stability in the manganites, as investigated in Colizzi et al.'s computational study. 32 We cannot completely rule out the possible effects of thin-film microstructure, but we argue that it plays at most a second-order role. LAO has a rhombohedrally distorted structure and is prone to twin boundaries. 33 Film twinning can be seen in the x scan of the 002 reflection of the (001) film [ Fig. 1(a) ]. In fact, x scans of the 002 reflection across a range of / angles reveal that the film grows almost completely in registry with the twinned substrate (data not shown). However, the strain values associated with the rhombohedral distortion itself 33 and across twin boundaries 34 are much lower in magnitude compared to the lattice distortions associated with heteroepitaxy, as signified by e (001) and e (110) . Furthermore, despite its mosaic spread, the (111) film does not show any MR signature of randomly polycrystalline samples. 28, 29 Therefore, we expect heteroepitaxial lattice distortions, rather than thin-film microstructure, to play the primary role in determining the magnetic and magnetoresistive properties of our films.
IV. CONCLUSION
Despite its reduced saturated magnetization, T c , and conductivity, the (001) film exhibits remarkably large MR over a wide temperature range. Our findings are particularly surprising because enhanced low-temperature MR is realized in a manganite whose composition in the bulk shows no propensity toward electronic phase coexistence. Therefore, it appears that thin-film lattice distortions can be utilized in lieu of chemical composition to generate equally rich phase diagrams and to engineer MR properties of manganites. We believe epitaxial strain is a promising avenue to traverse Wong et al. J. Appl. Phys. 111, 063920 (2012) different electronic states of correlated electron systems and therefore to design their macroscopic properties.
